Renal denervation (DNX) is a treatment for resistant arterial hypertension. Efferent 29 sympathetic nerves regrow, but re-innervation by renal afferent nerves has only recently been 30 shown in the renal pelvis of rats after unilateral DNX. We examined intrarenal perivascular 31 afferent and sympathetic efferent nerves after unilateral surgical DNX. We found morphological re-innervation and transmitter recovery of afferents within 12 weeks 46 after DNX. Despite morphological evidence of sympathetic regrowth, NE content did not 47 fully recover. These results suggest a long-term net surplus of afferent influence on the DNX 48 kidney maybe contributing to the blood pressure lowering effect of DNX. 49 50
Introduction

8
In order to more easily correlate vessel size and type, e.g., interlobar, arcuate, interlobular 183 arteries, RECA-1 antibodies (MCA970R mouse anti-rat; AbD Serotec, Germany) were used 184 to label endothelial cells (12, 45) Determination of tissue CGRP content: Twenty-four rats were subjected to the same unilateral 209 surgical denervation procedure as described above. Half the rats were treated with topical 210 application of phenol during denervation and the other half were denervated without phenol. 211
After 12, 4 and 1 week, rats were anesthetized (methohexital, 40mg/kg i.p., + buprenorphine 212 0,05 mg/kg, s.c.) and the kidneys were removed and divided in half and weighed. For 213 determination of tissue CGRP content, tissue was placed in 1 ml of acetic acid (2 M) at 95°C 214 for 10 min, homogenized (Ultra-Turrax, IKA, Staufen, Germany) and further incubated for 10 215 min at 95°C in a preheated water bath. The suspension was centrifuged for 30 min at 10.000 g 216 and 100 µl of the supernatant was mixed with 35 µl 5-fold concentrated enzyme-immuno 217 assay buffer. The pH was adjusted to 7.0-7.4 with 46 µl sodium hydroxide (3 M) and CGRP 218 was detected by ELISA (SPIbio, Bertin Pharma, France, detection limit of 5 pg/ml) (2, 20). To 219 verify specificity of the ELISA, CGRP levels were compared in kidneys from three αCGRP 220 knockout mice and three C57Bl/6 littermates. CGRP values were 18.2 ± 0.7 ng/g and 2.5 ± 0.3 221 ng/g for a wildtype and knockout mouse respectively. Non-specific binding was determined as 222 the percent difference from wildtype (i.e., 14%). All values were corrected by 14% and 223 expressed as ng/g wet weight. 224
225
Determination of tissue norepinephrine content: Tissue was homogenized using an Turrax and sonicated with a micro-tipped sonifier (Sonoplus HD70, Bandelin electronic, 227
Berlin, Germany) for 10 seconds, twice in 1M HClO 4 (2ml for 500mg tissue), then centrifuged 228 at 14.000g (4°C). The catecholamines were then extracted from the supernatant using 229 aluminum oxide adsorption. Norepinephrine (NE), epinephrine (E) and dopamine (DA) were 230 separated and quantified using Ultraperformance Liquid Chromatography-Tandem Mass 231
Spectrometry (UPLC-MS/MS) (13). Catecholamine content was expressed as pmol/mg wet 232
weight. 233
Afferent neuronal tracing: Unilateral tracing of afferent renal nerves was performed in 4 rats 235 as previously described (11). Briefly, rats were anesthetized as described above for the renal 236 denervation procedure, and the dicarbocyanine dye DiI (Δ9-DiI, 50 mg/ml in DMSO; 237 Molecular Probes, Eugene, OR) was applied to the subcapsular space of either the left or right 238 kidney. Rats were allowed to recover for 1 week to permit retrograde transport of the tracer to 239 cell bodies in dorsal root ganglia T11-L2. The ganglia were excised bilaterally and focus-240 stacked with a fluorescent microscope (Keyence BZ-9000). Immediately thereafter, the right 241 and left DRGs were dissociated with collagenase (1 mg/ml), trypsin (1 mg/ml), and DNase 242 (0.1 mg/ml). The cells were resuspended in modified L-15 medium that contained 5% rat 243 serum, 2% chick embryo extract as well as necessary inorganic salts, amino acids, and 244
vitamins for 1 h at 37°C (Sigma-Aldrich, Munich, Germany). Enzymatic activity was 245 terminated by the addition of soybean trypsin inhibitor (2 mg/ml), bovine serum albumin (1 246 mg/ml), and CaCl 2 (3 mmol/l). The ganglia were triturated using sterile siliconized Pasteur 247 pipettes to dissociate individual cells. After centrifugation, the cells were resuspended in the 248 modified L-15 medium and plated on poly-L-lysine-coated glass. Fluorescently labeled DRG 249 cells were counted in all samples. 250
251
Statistics: All image data were tested for normality using the Kolmogorov-Smirnov-test. Non-252 parametric tests were used when data failed normality testing. Analyses of observation groups 253 (R1, L1, R4, L4, R12, L12) are herein after referred to as "pooled observations". (Figure 3, Table 2 ). Furthermore, the vessel area indicated by the area 287 of SMA label was similar between groups (data not shown). 288
In nine RECA-1 labeled kidney cross-sections randomly selected from all three time points, 289 193 circumferential vessel cross-sections were measured. Interlobar artery diameters ranged 290 from 298 to 816µm (median 470µm ; mean 526µm; n=22). Arcuate artery diameters 291 ranged from 102 to 304µm (median 165µm ; mean 176µm; n=52), and interlobular 292 artery diameters ranged from 40 to 162µm (median 85µm , mean 88µm, n=119). 293
Brackets denote 1-3 rd quartile. As shown in Figure 3 , approximately 95% of the vessels had a 294 diameter of less than 300µm, 90% less than 160µm and 64% less than 40µm. Thus, most of 295 the observed vessels were likely downstream of interlobular and arcuate arteries, and only 5% 296 were large vessels in the range of interlobar arteries. 297
298
Visual analysis 299
Qualitative visual analysis demonstrated decreased TH-and CGRP-positive label one week 300 after denervation (L1_TH score 1. 
Morphometric analysis (TH) 307
Results of the morphometric analysis of TH + staining in "pooled observations" are shown in 308 Figure 6 . Decreased TH + pixel counts were found on the denervated side, one week after 309 surgery. TH + label on the denervated side had recovered to R1_TH levels by 4 weeks and 310 remained there at 12 weeks post surgery. However, at 12 weeks, TH + pixel counts on the 311 denervated side remained lower than the non-denervated side.
13
The analyses based on "averaged observations" similarly showed reduced TH + pixel counts 313 (given as absolute pixel count/sample area, i.e. 1024x1024 pixels) one week after surgery in 314 denervated kidneys compared to non-denervated kidneys (R1_TH: 2886 ± 482 vs. L1_TH: 315 374 ± 109; P = 0.019; 2W-ANOVA). By week 4 and 12 weeks, the TH + pixel-counts in 316 denervated kidneys reached the R1_TH level (R1_TH vs. L4_TH: 3093 ± 498 and L12_TH: 317 4437 ± 1613; P = 0.562; 2W-ANOVA). The non-denervated kidneys showed increased TH + 318 pixel-counts 4 and 12 weeks after denervation (R1_TH vs. R4_TH: 7866 ± 1383 and 319 R12_TH: 6725 ± 1693; P < 0.027; 2W-ANOVA, 1W-ANOVA). However, the denervated 320 TH + pixel-counts at week 12 tended to be lower than the non-denervated side, but no statistical 321 difference between right and left kidneys was observed in week 12 (R12_TH vs. L12_TH; P = 322
0.175; 2W-ANOVA). 323 324
Morphometric analysis (CGRP) 325
The analysis of CGRP + pixel counts based on "pooled observations" is shown in Figure 7 . 326 Briefly, a significant decrease in CGRP + label was observed on the denervated side, which 327 recovered to the R1_CGRP levels within 4 weeks. Furthermore, an increase on the non-328 denervated side was also observed. However, no statistical difference was detected between 329 the non-denervated and the denervated side in week 12. The "averaged observations" analysis yielded similar results, which are displayed in Figure 8 . 354 Briefly, a significant decrease in TH/SMA was found one week after denervation, which 355 recovered to R1_TH/SMA levels within 4 to 12 weeks. At 12 weeks the TH/SMA ratio on the 356 denervated side tended to be lower than on the non-denervated side. Here, we investigated the re-innervation of afferent peptidergic and efferent sympathetic 404 nerves in a rat model of unilateral surgical renal denervation. Based on a purely morphological 405 analysis, we found strong evidence that the denervation procedure in male Sprague-Dawley 406 rats decreased both efferent and the afferent innervation of small renal vessels within one 407 week of surgery indicating subtotal denervation, and that both regrew within 4 weeks of 408 denervation. Furthermore, by 12 weeks after denervation, we found evidence that TH 409 immunoreactivity surrounding small vessels of the intact kidney was greater than that 410 observed 1 week after surgery, suggesting that the area of the vessel covered by neural tissue 411 increased in the intact kidney as a consequence of denervation of the contralateral kidney. A 412 similar outcome was found for CGRP immunoreactivity suggesting that both sympathetic andsensory afferents are influenced by denervation in a parallel manner. Furthermore, within 12 414 weeks CGRP immunoreactivity of the denervated kidney surpassed the basal level of the 415 intact kidney, indicating overshooting afferent innervation. 416
Interestingly, data comparing TH and CGRP area suggest that CGRP regrowth outpaced that 417 of the sympathetic nerves. This latter interpretation was confirmed by assessments of tissue 418 neurotransmitter content, which showed deficits in NE throughout the post-surgical 419 assessment period, while CGRP content had recovered by 12 weeks post denervation. 420
The immunostaining approach used here for determination of nerve regrowth is limited in that 421 it does not provide information about the structure or function of new nerve fibers. It is not 422 possible, for instance, to determine whether the increase in immunoreactivity is due to a 423 greater density of axons or dendrites, a higher degree of branching of the regrown axons, or an 424 increased number of varicosities containing the respective labeled antigens. However, 425 constrictive nerve injury has been shown to increase the density of peptidergic and 426 sympathetic fibers, possibly through migration and branching of sprouting nerve fibers (49). 427
Our evidence that NE and CGRP content in the intact kidney did not increase overtime 428 seemingly contradicts our histological evidence of hyperinnervation of the intact kidney by 429 both the sensory afferent and sympathetic efferent systems and the overshooting re-430 innervation of the denervated kidney by sensory afferent nerves. Though both the NE and 431 CGRP content were reduced to a similar extent in the denervated kidney, only CGRP 432 concentrations appeared to return to levels close to baseline. These findings also seem to 433 contradict our morphological evidence of re-innervation of denervated kidney by sympathetic 434 efferents. Our findings are instead consistent with immunohistochemical evidence reported by 435 others which showed that the neuronal marker PGP9.5 returned to baseline levels within 6 436 months of syngeneic rat renal transplantion indicating re-innervation, while NE content in the 437 transplanted kidney remained low until 9 months after transplant (23). Although reliable 438 functional conclusions cannot be drawn from these findings, it seems that the sympatheticefferent re-innervation is functionally inadequate. 440
It is not clear why neurotransmitter content was not increased in the non-denervated kidney 441 despite histological evidence of hyperinnervation, a finding that was more robust for the 442 afferent nerves. It is possible that an apparent hyperinnervation in intact kidneys was due to 443 the continued maturation and growth of the sympathetic and sensory innervation of the kidney 444 between weeks 1 and 12 post denervation. However, a previous report indicates that in 445 normotensive rats, the distribution of sympathetic and sensory innervation of the kidney is 446 similar to the adult by 21 days of age (31). Nevertheless, we cannot rule out maturation as a 447 cause for increased area of innervation in the non-denervated kidneys at 12 weeks due to the 448 lack of an untreated time-matched control group. 449 Indeed, our histological methods are limited by our inability to obtain measures of TH and 450 CGRP intensity throughout the full thickness of the vessel, as only surface areas could be 451 appropriately imaged. Furthermore, we utilized thresholding and Z-projection to compress 452 volume information to a two dimensional area. Using this method we are limited to the 453 determination of a 2 dimensional area of visible vessels covered by immunoreactive 454 components of the nerve. Because we used a thresholding method, we are only describing the 455 area of TH expression, rather than the intensity of expression. Moreover, our antibody 456 detected total TH rather than phosphorylated forms of the enzyme so we were unable to 457 measure indices of TH activity in regrown nerves. We cannot make inferences about the level 458 of TH expression or its activity and certainly not norepinephrine content. Thus, a clear-cut 459 correlation between NE tissue content and TH-positive label cannot be expected. 460
In contrast, CGRP tissue content would more likely correlate with the cumulative fiber 461 volume of sensory nerves because sensory neuro-peptides such as CGRP are stored and 462 secreted along the length of the axon (10, 25, 46) . Nevertheless, the label observed using our 463 methods is related only to the diameter of the vessel given that thresholding and Z-projection 464 reduces the measurement to a 2 dimensional area. The volume of the nerve cannot bedetermined. Given that the fibers are more or less cylindrical in shape, changes in diameter 466 will lead to quadratic changes of volume. Thus, many small fibers, which represent the same 467 surface information as a single large fiber will contain far less transmitter than the single large 468 fiber. Therefore, sprouting of very small and highly branched nerve fibers (49) will not 469 necessarily be associated with an increased tissue transmitter content. Predicting the influence 470 of denervation on NE neurotransmission using 2 dimensional TH immunolabel is further 471 complicated by the fact that NE production is presumably amplified from the amount of TH 472 through the enzymatic cascade, whereas CGRP label provides a more direct indication of the 473 amount of neurotransmitter present. 474
An additional complication lies in the fact that we chose areas for image analysis based on 475 consistent and reliable labeling, whereas the NE and CGRP content represent neurotransmitter 476 available in the whole kidney. It is possible that the discrepancy lies in the fact that we 477 examined areas with the most robust label. It is possible that regrowth had not yet reached 478 areas where reliable label was more difficult to obtain. Though we cannot conclude with 479 certainty that an apparent increase in innervation of the intact kidney was dependent on the 480 denervation procedure due to the lack of time control experiments, it is clear that peptidergic 481 reinnervation of the denervated kidney dominated sympathetic reinnervation. No such 482 dominance in peptidergic growth was found on the non-denervated kidneys. These latter 483 findings are in accordance with our tissue measurements. 484
Functional interpretations of our findings remain speculative. Though there is evidence for 485 both inhibitory (8, 10, 44) and excitatory effects (3, 21) of renal peptidergic afferent 486 innervation, it is tempting to suggest that a net surplus of afferent activity could contribute to 487 an overall decrease in sympathetic activity (10). In patients, we noted that renal denervation 488 did not affect renal vascular resistance or perfusion, but did lower indices of systemic vascular 489 resistance (35). Renal haemodynamics have been shown to be relatively free from the 490 influence of the renal sympathetic nerves. However, this is might be more apparent than realas the renal vasculature has powerful autoregulatory mechanisms that come into play, perhaps 492 offsetting the vasoconstrictor action of the renal sympathetic nerves (15, 16, 24) . Interestingly, 493 sensory afferents have been reported to play key role in myogenic contraction of blood vessels 494 and thus in autoregulation (41). In a separate study, renal denervation in hypertensive patients 495 was found to lower blood pressure and muscle sympathetic nerve activity (MSNA), as well as 496 whole body catecholamine spill-over (39). Moreover, the hypotensive effects appeared to be 497 long-lasting (17). 498
An additional limitation of the study was our focus on the intrarenal vasculature in the 499 periphery of the kidney downstream of interlobular and arcuate arteries, rather than the 500 interstitial tissue, the latter of which might have a more significant impact on the hypotensive 501 effects of denervation. The innervation of the interstitium is not homogenous, but is instead 502 patchy and focally distributed. Thus, morphometric analysis of interstitial innervation is much 503 more difficult to standardize. Here we focused on the perivascular nerves due to our recent 504 finding that stimulation of intrarenal afferents by injection of the TRPV1 receptor agonist 505 capsaicin into the renal artery, resulted in a tonic inhibition of contralateral renal sympathetic 506 nerve activity (10). Though the renal parenchyma is far less densely innervated than the renal 507 pelvis, there exists a reasonable density of intrarenal innervation in the perivascular and 508 adventitial space. The density of the afferent peptidergic fibers is far less than that of the 509 sympathetic nerves even around the vessels. In the study by Mulder et al., intrarenal afferents 510
were not even mentioned (34). We found the ratio of afferent-to-efferent fiber density ranged 511 from 0.15 to 0.4 in the non-denervated kidney which is in accordance with recently published 512 data (33). This ratio was shifted towards sensory innervation on the denervated side. Such a 513 shift has not yet been described. It is not yet clear if this complex reinnervation pattern 514 identified in intrarenal perivascular nerves also occurs in the renal pelvic nerves, because our 515 study exclusively focused intrarenal innervation and recent studies did not investigate this 516 question (6, 34).
The thermophysical endovascular denervation procedure used for human hypertension therapy 518 exerts its main effects in the perivascular space (36, 37, 42) . Though our unilateral subtotal 519 denervation model does not perfectly simulate the clinical procedures, our approach does 520 provide new insight into renal reninnervation processes. 521
Our morphological findings support the work recently published by Mulder et al., which 522 showed a complete regrowth of the renal pelvic afferent and intrarenal efferent innervation 523 twelve weeks after unilateral renal denervation (34). In their work, the renal denervation 524 procedure included the use of phenol application to the surface of the vasculature after 525 surgical stripping of the adventitia. Our work extends these findings by describing intrarenal 526 afferent and efferent innervation without the use of phenol. We purposely omitted the use 527 phenol for the denervation procedure in order to investigate patterns of reinnervation after 528 subtotal denervation in an effort to better mimic the subtotal denervation achieved in clinical 529 renal denervation procedures. Our evidence suggests that the use of phenol does not have 530 much effect on re-innervation properties, as both CGRP and NE content in the denervated 531 kidney were similar whether denervation included phenol or not. Furthermore, we could not 532 detect any intramural nerves in the renal artery that would definitely require the use of phenol 533 (Figure 1) . 534
To our knowledge this is the first study, which indicates a contralateral effect of unilateral 535 denervation of the kidney. We ruled out the possibility of bilateral innervation of the kidney 536 from the same source. Our neuronal tracing experiments failed to identify any monosynaptic 537 innervation from the kidney to the contralateral dorsal root ganglia in the healthy rat. The 538 exact mechanisms for altered contralateral innervation are not clear. The release of humoral 539 factors at the lesion site or some communication to the contralateral side by neuronal 540 mechanisms are speculated to play a role (27) . A recent study in sheep reported complete 541 morphological and functional re-innervation the latter of which was tested by electrical 542 stimulation. However, in this study no interaction between the denervated and un-denervatedkidney was described and no distinction was made between intrarenal and pelvic re-544 innervation. 545
Finally, even the source of reinnervation is not completely clear. It has been reported that the 546 removal of postganglionic cell bodies by celiac ganglionectomy could not permanently ablate 547 sympathetic innervation of splanchnic organs. In fact, sympathetic fibers innervating the 548 kidney demonstrated the most prominent regrowth after ganglionectomy in rats (29, 48) . After 549 cell body removal (ganglionectomy), sympathetic re-innervation must occur via sprouting 550 from other ganglia. After axotomy (as was done here), it is not quite clear whether the source 551 of re-innervation is from the same ganglia, or via sprouting from other sources, or both. 552 553
Perspective: 554
Although the functional significance of our indirect measures of re-innervation has yet to be 555 defined, our data provide important insight into the complexity of the renal re-innervation 556 process. A complex re-innervation pattern with a shift towards afferent innervation seems to 557 take place. Our study provides the framework for well-designed in-vivo studies that are 558 necessary to further substantiate our understanding of renal innervation and its function in 559 health and disease. Since renal re-innervation seems to be a multi-species phenomenon it must 560 also be expected in humans over months after percutaneous renal denervation. Long-term 561 effects on blood pressure and sympathetic control described in humans might rather be due to 562 a regenerative remodeling of renal nerves than complete and long lasting loss of innervation. Table 1 Figure 5
